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Abstract—Longitudinal vortices have enormous utility for flow control. Longitudinal vortices are also
capable of producing beneficial effects in transport enhancement. The vortices disrupt the growth of the
boundary layer and serve ultimately to bring about enhancement of heat transfer between the fluid and its
neighboring surface. The present study determines the flow structure, in detail, behind a winglet type vortex
generator placed in a fully developed laminar channel fiow. The flow structure is complex and consists of
a main vortex, a corner vortex and induced vortices. Experiments are performed in order to corroborate
the numerical predictions of the flow structure. The purpose of this study is to show the performance of a
delta winglet type vortex generator in improving heat transfer. The conclusions that are drawn identify
plausible choice regarding the optimal angle of attack of the vortex generator. Such vortex generators show
great promise for enhancing the heat transfer rate in plate—fin crossflow heat exchangers. Copyright ©
1996 Elsevier Science Ltd.

INTRODUCTION

Requirements of small-size and lightweight heat
exchanger devices in power, process and aerospace
industries have resulted in the development of spe-
cially designed heat transfer surfaces [1]. It is possible
to distinguish different basic flow configurations, such
as internal flow through tubes, external flow normal
to the tubes and channel flows in a wide range of heat
exchangers. In most practical cases, the heat transfer
coefficients for the configuration of flow over flat sur-
faces are significantly low. In order to enhance heat
transfer between the flowing fiuid and closely-spaced
parallel plate channels, in the case of plate—fin heat
exchangers, protrusions can be mounted on the chan-
nel surfaces. The protrusions in the form of slender
delta wing or winglet-type vortex generators are cap-
able of enhancing heat transfer at the expense of rela-
tively less increase in pressure penalty as compared to
other protrusions.

Experimental investigations of Russel et al. [2],
Fiebig et al. [3, 4], Torii et al. [5] and Tiggelbeck et
al., [6] reveal the enhancement of heat transfer in
the presence of longitudinal vortices. The longitudinal
vortices are characterized by their rotating motion
and longevity. Eibeck and Eaton [7] have conducted
experiments on longitudinal vortices embedded in a
turbulent boundary layer and observed their influence
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on heat transfer. Despite the presence of turbulent
diffusion, the influence of longitudinal vortices on
momentum and energy transport can be traced at a
location as far downstream as 60 wing chords behind
the delta winglet.

Computational studies on related topics have been
performed by Fiebig er al. [8] and Biswas and Chat-
topadhyay [9] in a geometrical configuration of delta
wing placed inside a rectangular channel. Both studies
confirm significant transport enhancement. In another
recent study, Biswas et al. [10] have indicated that the
winglets are a more attractive choice than deita wings
as vortex generators for enhancing heat transfer.

The vortex-wake behind a slender winglet-type
obstacle described a complex flow structure. Figure 1
shows a typical wake structure generated by a winglet
(see Torii et al. [11]). The main vortex is formed by
the flow separation at the leading edge of the winglet,
while the corner vortex is formed by the deformation
of the near wall vortex lines at the pressure side of the
winglet. In addition, the presence of induced vortices
has also been observed in some cases. Torii et al. [11]
have accomplished velocity measurements to under-
stand the complex vortical structure of the flow. They
have employed a rotation probe technique with a slant
hot-wire sensor for the measurement of the velocity
components downstream of the vortex generator on
a flat plate. However, the channel flows have some
different features than the flat-plate boundary-layer
flows. A favorable pressure gradient always persists
in channel flows and becomes larger with decreasing
Reynolds number. Besides, channel flows have a tend-
ency to become fully developed in the downstream.
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NOMENCLATURE
B channel width ¥ vertical or normal dimension of
b height of the winglet coordinates
C, specific heat of the fluid Z z/H
H channel height z spanwise dimension of coordinates.
h heat transfer coefficient,
if :xl;}iiT/le}c;)tgr( Y;W ;ajt}())n (7) Greek symbols
Ji quatity > 6qus . 5 aspect ratio of the channel, B/H
k thermal conductivity of the fluid .
B angle of attack of the winglet
Nu  local Nusselt number based on bulk . . NS
. r time period of oscillation
_ temperature of the fluid, /(2H)/k - .
. 0 nondimensional temperature,
Nu spanwise average Nusselt number (T—T ) (Tu~T,)
n iterations in time step w A Tw ] B
. ) L A aspect ratio of the winglet, »°/S
P nondimensional pressure, p/pU;, . . .
Pr Prandt] number, uC, /k i dynamic viscosity of the fluid
ressur s v kinematic viscosity of the fluid
P p © T nondimensional time
e wall heat flux Q nondimensional vorticit
Re Reynolds number, U, (2H)/v ¥ .. y
. w, vorticity, ow/dy — dv/0z.
S wing area
s pitch of winglets
T temperature Subscripts
t time av average
U ul/U,, b bulk condition
u axial component of velocity ¢ cross-stream plane
V v/ U, r trailing edge
v vertical component of velocity sd spanwise average combination of top
w w/U,, and bottom plates
w spanwise component of velocity w wall
X x/H 1 bottom fin-plate
X axial dimension of the coordinates 2 top fin-plate
Y y/H x inlet condition.

Fig. 1. The wake structure generated by a winglet.

VORTEX
GENERATOR

(2) prediction of heat transfer and pressure drop
characteristics for different geometrical parameters.

STATEMENT OF THE PROBLEM

Computation is performed in a channel which is
formed by two neighboring fins (Fig. 2). An obstacle
in the form of a winglet is placed inside. One side of
the winglet is fixed on the bottom wall and the trailing-
edge is free. The height of the winglet is b and the
angle of attack is 8. The aspect of ratio of the winglet
is A (=b%S). The dimensionless equations for con-
tinuity, momentum and energy for this problem may
be expressed in their conservative form as

The present study is aimed at a numerical inves-
tigation of flow structure and heat transfer in a chan-
nel with a built-in winglet type vortex generator placed
in a fully developed laminar flow. The study also has
the following purposes:

(1) comparison of the predicted flow structure with
the experimentally obtained flow structure measured
by a hot-wire-anemometer ;
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Fig. 2. (a) Proposed surface geometry for the heat exchange, (b) flow model for simulation, (c) main flow
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In the above equations, velocities have been non-
dimensionalized with the average incoming velocity
U,, at the channel inlet, all lengths with the height of
the channel H, the pressure with pU?Z,, and the non-
dimensional temperature is defined as
0 =(T-T,)/(T,—T,). The Reynolds number is
defined on the basis of average axial velocity at the
inlet and the characteristic dimension (2H) of the
channel as Re = U,,(2H)/v. Boundary conditions of
interest in this investigation are

at Y=0and Y=1
U=V=W=0;
at Z=0 and z = B/H

(- )

0=1

at X =0
U=UY) V=W=68=0
at X=L/H
U v w08
——-:—2'—:—*:0.
oxX? 0X* ox* o0Xx?

No-slip conditions for the velocities on the obstacle
are used. The temperature of the obstacle is constant
and equal to T,. At the inlet of the channel, a fully
developed velocity profile for the axial velocity is used.

METHOD OF SOLUTION

A modified version of the Marker and Cell (MAC)
method of Harlow and Welch [12] and Hirt and Cook
[13] is used to obtain the numerical solution of equa-
tions (1)—(3). The computational domain is divided

into a set of Cartesian cells. A staggered grid arrange-
ment is used such that the velocity components are
defined at the center of the cell faces to which they are
normal. The pressure and temperature are defined at
the center of the cell.

Two fold solutions for the velocities are obtained.
At any time (n+ 1) Az, a provisional velocity field is
calculated by using the pressure gradients at nAr. In
the second fold, the pressure field at (n+1) Az is cal-
culated by an iterative procedure and the provisional
velocity field is corrected to be divergence free. This
iterative correction of the velocity field through the
implicit continuity equation is equivalent to solution
of Poisson’s equation for pressure. The process is
repeated successively in all cells until a divergence-
free velocity field is reached with a prescribed upper
bound ; here a value of 0.0001 has been chosen. This
solution scheme is continued until a steady or periodic
flow is obtained. After evaluating the correct velocit-
ies, the energy equation is solved with a successive
overrelaxation technique to determine the tem-
perature field. The convective terms of Navier—Stokes
and energy equations were discretized by a weighted
average scheme (Hirt et al. [14]). The factor for the
upwind contribution was restricted below 0.2 so that
the influence of numerical viscosity is small. Admit-
tedly, a more accurate spatial differencing scheme
could have been used for the present study. However,
in a similar flow configuration, Biswas et al. [10] have
observed a marginal change in the predicted values
over the predictions due to the weighted average sch-
eme by using another scheme having a higher degree
of local accuracy. However, in the present simulations
very fine grids have been use to offset this limitation.

PERTINENT PERFORMANCE PARAMETERS

In order to have a quantitative estimation of the
heat transfer performance, the combined spanwise
average Nusselt number
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has been calculated at each longitudinal location in
the channel. The average Nusselt number in a channel
from the inlet up to any axial location at the down-
stream is calculated using the value of combined span-
wise average Nusselt number as
. |
Nu, =—-| Nug,dx. (5)
X1,
The pressure drop in the channel is evaluated by

using the apparent friction factor f,,,, defined by Shah
and London [15] as

. _[(Pop\(2H
e T
2 av

In equation (6) the index | means inlet, index 2
means any axial location at the downstream and Ax
indicates the distance between the locations 1 and
2. The parameter 2H is the characteristic dimension
(hydraulic diameter) of the channel.

In order to summarize the performance of the wing-
let type vortex generators, we define a quality factor
as the ratio of the mean-Colburn-factor to the appar-
ent friction-factor over a zone from the inlet to any
axial location in the channel as

j_ Nu/(Re-Pr'?) -
A Sep/80
The variation of these performance parameters with
respect to different input parameters will be discussed
in a subsequent section.

SPATIAL GRID INDEPENDENCE

Considerable effort has been devoted to obtain grid
independent results. For Re = 1580 and Pr = 0.7, in
a channel (¢ =3) with a built-in delta winglet
(A = 0.81) at an angle of attack (#) of 157, grid inde-
pendent behavior was demonstrated by achieving
excellent agreement between results obtained for
(90 x 22 x 97) and (120 x 27 x 119) grids. In the fore-
going specification of grids, the numbers in brackets
represent grid points in the x, y and z directions,
respectively. The distribution of combined spanwise
average Nusselt number in the channel for three
different grid-meshes, such as (Grid I: 59 x 15 x 63),
(Grid I1: 90 x 22 x 97) and (Grid III: 120 x 27 x 119),
was compared. The maximum discrepancy of the
value of combined spanwise average Nusselt number
for Grid II and Grid I1I was found to be below 1.4%.
Hence, most computations for a channel with « = 3
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are performed by using a (22x97) cross-stream
(=yxz) grids. For a wider channel (« = 5), and a
winglet with similar geometrical configuration, a
cross-stream grid of (22 x 159) was found to be grid
independent. The grids in the streamwise direction are
suitably chosen to cover the length of the channel. The
computations were performed on a HP 9000/735crx
Workstation.

EXPERIMENTAL METHOD

The experiments are conducted in a rectangular
duct which has a cross-section of 0.3 m x 0.02 m and
a length of 1.2 m. The duct is attached to a centrifugal
blower and the test section is on the suction side of
the blower. A parabolic velocity profile with a free-
stream turbulence level of 0.6% is ensured at a section
upstream of the location of the vortex generator. The
average velocity at the inlet is 0.6 m s~' which was
kept constant within +0.4% variation during a
measurement run typically for about 24 h.

All three components of the velocity have been mea-
sured simultaneously by a rotation probe. The
rotation probe technique uses a slant TSI miniature
probe (model 1263-T1.5) of 4 um diameter tungsten
wire with 45° inclination angle and | mm length. The
probe is mounted on a two-dimensional traversing
mechanism for multipoint velocity measurement at
different cross-stream planes behind the vortex gen-
erator. The rotation and traversing mechanisms are
fully automated and the system is capable of per-
forming measurement at typically 8000 points on a
cross-flow plane. The calibration and measurement
procedures of the rotation probe are well documented
elsewhere [11, 16].

RESULTS AND DISCUSSION

Computations have been carried out in a channel
of length L/H = 10.4. The trailing edge of the winglet
is located at a distance X, = 2.856 from the inlet. The
aspect ratio of the winglet (A) is 0.81 and the height
of the winglet, b, is equal to channel height H for all
the cases. Two different channel aspect ratios («), viz.
2 = 3.0 and o« = 5.0 have been chosen for this simu-
lation. Various angles of attack () of the vortex gen-
erator are used as the governing input parameters.
Air has been assumed as a working fluid ; hence the
Prandtl number of this study is 0.7.

The development of the secondary flow is shown in
Fig. 3 for a channel with « = 3 and Re = 1580. The
angle of attack of the vortex generator () for this
case is 15°. The maximum cross-flow velocity is nearly
equal to the mean axial velocity. The elliptic defor-
mation of the vortical structure due to the channel
walls becomes obvious when the cross-flow at any two
stations downstream of the winglet are compared.

The constant axial velocity lines are shown in Fig.
4 at a cross-section X, = 2.5 behind the trailing edge
of winglet of A = 0.81 at § = 15° and Re = 1580 for
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X = 2475
Main Vortex
Induced }
Vortex
Re = x=1.523
a =30
X.= 1.047
Main Flow % =0571
Xx.= 0.095

Pr=0.7, A=0.81, p=15°

Fig. 3. Formation of vortices behind the winglet in a channel.

o = 3.0. The velocity in this plot has been scaled with
respect to the maximum axial velocity at the cross-
stream plane. The maximum velocity is found to be
1.659 times the average axial velocity at the inlet. Here
the vortex axis lies at about the mid-plane of the
channel height and the axial velocity has a low value
at the axis. It is evident that the computed value of
0.38 for the axial velocity at the vortex axis is indeed

very close to the corresponding measured value of
0.39 at the same location.

Figure 5 compares the experimental and com-
putational axial velocity contours in a channel
(o = 5.0) at a cross-section X, = 2.5 behind the trail-
ing edge of a winglet of A =0.81 at §=30° and
Re = 1580. In both the cases, on the bottom plate
behind the winglet, the vortices lead to a thinning of
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Fig. 4. Constant axial velocity lines at a cross-plane X, = 2.5 behind the winglet at § = 15" (a) experiment,
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Fig. 5. Constant axial velocity lines at a cross-plane X, = 2.5 behind the winglet at § = 30° (a) experiment,
(b) computation.
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Fig. 6. Constant axial velocity lines at a cross-plane X, = 7.5 behind the winglet at § = 45° (a) experiment,
(b) computation.

the velocity boundary layer in the downwash region.
The thickening of the boundary layers at the array
symmetry planes is also evident in both experiment
and computation. It may be mentioned that, for the
constant axial velocity contours at any section, the
velocities are scaled with respect to the maximum axial
velocity at that section. In this particular case, the
Unnax 18 equal to 1.683 times the average axial velocity
at the inlet.

At another cross-stream plane (X, = 7.5), the com-
parison of measured and computed axial velocity con-
tours behind the trailing edge of a winglet of A = 0.81
at § = 45° and Re = 1580, has been displayed in Fig.
6. All the salient features of the earlier cases are illus-
trated in this simulation.

In order to understand the vortex structure behind
the winglet, the constant vorticity contours for com-
putational and experimental results at a cross-stream
plane (X, = 2.5) are compared in Fig. 7. Here, the
nondimensional vorticity is defined as

)
QX - Z)max (8a)
and w, is given by
aw v
W, = E — a—z' . (8b)

Both the computational and experimental vorticity
contours confirm formation of the main vortex, the
induced vortices and the corner vortex. The formation
of the corner vortex has to be discussed with the help
of Fig. 8. As the fluid approaches the stagnation line
of an obstacle, it slows down and its pressure
increases. The smaller velocity in the boundary layer
on the flat bottom wall which is attached to the side

of the winglet leads to a smaller pressure increase.
Thus, the induced pressure gradient causes a flow
towards the bottom wall which interacts with the
main-stream. The fluid rolls up forming vortices which
are finally swept around the obstacle base and are
carried downstream. These vortices are usually known
as horseshoe vortices, though looking like a half
horseshoe in the present case. Since they are generated
at the location of the junction of the winglet and the
flat bottom plate, we shall call them corner vortices.
The induced vortices (refer to Fig. 7) rotate opposite
(counterclockwise) to the main and corner vortices
(clockwise). It can be seen that the main vortex axis
lies at about the mid-plane in the vertical direction
and it is shifted to the right hand side on the y—z plane.
The magnitude, direction and location of the constant
vorticity contours for the experimental and com-
putational studies agree with each other reasonably
well.

It may be mentioned that for the case of flow in a
channel (B/H =5.0) with a built-in winglet of
A = 0.81 at § = 45° and Re = 1580, the flow is found
to be periodic. In the computational study, we record
the velocity components at a location P(X, = 2.4,
Y = 0.3, Z = 2.5) in the channel. The recorded signals
of the velocity components in the wake result in sinus-
oidal waves. To understand the phenomenon further,
the phase portrait and power spectra of the signals
have been obtained. The phase plane behavior is
shown in Fig. 9. The phase portrait shows a limit
cycle behavior, and the existence of a single dominant
nondimensional frequency (fr = H/U, I' = 0.3163) is
observed from power spectrum.

Figure 10 shows the longitudinal distribution of the
combined spanwise average Nusselt number (com-
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Fig. 7. Vorticity contours behind a cross-plane X, = 2.5 behind the winglet at # = 15° (a) experiment, (b)
computation.

Winglet

Main Vortex

Fig. 8. Formation of a corner vortex due to the winglet.

puted values) in a channel of « = 3.0. The combined
spanwise average Nusselt number increases with
increasing angle of attack. Winglets with higher angle
of attack produce vortices with higher strength, which
results in a better heat transfer. At a nondimensional
axial distance of 2.5 from the trailing edge of the
winglet, for an angle of attack of 15°, we observe an

enhancement of 32% in Nu,, over the case of a plane
channel. At the same location, improvements of 48,
57 and 65% in Nu,, over the case of a plane channel are
observed for § = 22.5°, 30.0° and 37.5°, respectively.

In order to summarize the performance of the vor-
tex generators, we look at the distribution of (j/f),
given by equation (7), in the channel. In Fig. 11, we
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Fig. 10. Effect of angle of attack on the distribution of com-
bined spanwise average Nusselt number in a channel (x = 3).
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Fig. 11. Distribution of j/fin a channel (« = 3) for different
angles of attack of the winglet.
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Fig. 12. Effect of angle of attack on the distribution of com-
bined spanwise average Nusselt number in a channel (x = 5).

observe a much higher value of (j/f) for = 15° over
that of f = 22.5°, 30° and 37.5° at any axial location
in the channel. At the exit of the channel, the (j/f) for
f = 15° attains a value of 0.88 which is very close to
unity. It may be mentioned that the (j/f) values are
the results of the computational study.

As we have stated before, the flow configuration
closely resembles a single element of a cascade in
plate—fin crossflow heat exchangers. The pitch (s) of
placing the winglets determines the gap between the
array symmetry planes in a channel, which in turn
determines the width of the channel. Hence, to know
the performance of the winglet type vortex generators
in another channel with different aspect ratio (¢ = 5)
will be of interest. Figure 12 shows the distribution
of combined spanwise average Nusselt number in a
channel with « = 5.0 for different angles of attack of
the vortex generator. As it was seen in the channel

4 Re=1580,2=5,Pr=07 —

i’f

Plane channel

Vortex generator

Fig. 13. Distribution of j/fin a channel (x = 5) for different
angles of attack of the winglet.
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[ Re=1580, a=3,Pr=07
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Plone channel
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B =15° Winglet pair

1
6 8 10 12
X

Fig. 14. Distribution of j/fin a channel (x = 3) for a single winglet and a winglet pair.

with o = 3.0, the winglets with higher angle of attack
produce vortices with higher strength, which in turn
results in improved heat transfer. However, even for
a very long channel (L/H = 10.4), the enhancement
in heat transfer at the exit of the channel due to the
winglet with § = 15° is about 19% over the plane
channel value. The distribution (j/f) for different
values of § of the winglet in a channel of & = 5.0 has
been shown in Fig. 13. It is evident that the per-
formance of the winglet is best for an angle of attack
of 15°. The value of (j/f) for f = 15° is 0.95 at the
exit of the channel.

Biswas et al. [10] have concluded that the winglet
pair is a very attractive vortex generator. It is of con-
siderable interest to compare the performance of a
winglet pair and single winglet for same angle of
attack. Figure 14 shows the j/f distribution in the
channel for a winglet pair and a single winglet for an
angle of attack of 15°. The comparison shows better
performance for a single delta winglet.

CONCLUSION

A delta winglet generates a complex system of longi-
tudinal vortices behind it. The main vortex is formed
by the flow separation at the leading edge of the wing-
let, while the corner vortex has a horseshoe vortex-
like characteristic feature. The induced vortex rotates
opposite to the main and corner vortices. The com-
bined effect of these vortices distorts the temperature
field in a channel and serves ultimately to bring about
enhancement of heat transfer between the fluid and its
neighboring surfaces. Higher heat transfer is usually
accompanied by higher skin-friction coefficient. In
order to be conclusive about the relative performance
of the vortex generator for different angles of attack,
the distribution of a quality factor (j/f) in the channel
has been looked into. Thus, based on this analysis,
and the enhancement of Nu,,, the optimal choice of a

vortex generator for a pre-assigned requirement can
be prescribed.
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